Mutations in FAT4 gene, one of the human FAT family genes, have been identified in Van Maldergem syndrome (VMS) and Hennekam lymphangiectasia-lymphedema syndrome (HS). The FAT4 gene encodes a large protein with extracellular cadherin repeats, EGF-like domains and Laminin G-like domains. FAT4 plays a role in tumor suppression and planar cell polarity. Drosophila contains a human FAT4 homologue, fat. Drosophila fat has been mainly studied with Drosophila eye and wing systems. Here, we specially knocked down Drosophila fat in nerve system. Neuron-specific knockdown of fat shortened the life span and induced the defect in locomotive abilities of adult flies. In consistent with these phenotypes, defects in synapse structure at neuromuscular junction were observed in neuron-specific fat-knockdown flies. In addition, aberrations in axonal targeting of photoreceptor neuron in third-instar larvae were also observed, suggesting that fat involves in axonal targeting. Taken together, the results indicate that Drosophila fat plays an essential role in formation and/or maintenance of neuron. Both VMS and HS show mental retardation and neuronal defects. We therefore consider that these two rare human diseases could possibly be caused by the defect in FAT4 function in neuronal cells.
Introduction
The human FAT gene family consists of the FAT1, FAT2, FAT3 and FAT4 genes (Katoh & Katoh 2006) . The human FAT1, FAT2 and FAT3 are orthologues of Drosophila fat-like gene and the human FAT4 is the orthologue of the Drosophila fat gene. These human and Drosophila genes encode large proteins with extracellular cadherin repeats, EGF-like domains and Laminin G-like domains (Katoh 2012) . Drosophila fat has been intensively studied and showed to be involved in tumor suppression. The fat gene is an upstream regulator of the Hippo signaling pathway genes including the warts, Salvador and hippo genes that involve in phosphorylation-mediated inhibition of Yorkie. Inhibition of Yorkie activity results in transcriptional repression of the Yorkie target genes, cyclin E and diap1, an accelerator of cell cycle progression and an inhibitor of apoptosis, respectively (Ma et al. 2016) . The loss-of-function mutations of the fat gene thus induce cell proliferation and reduce cell death. The fat gene is also involved in planar cell polarity (PCP), representing the cell polarity within the plane of epithelial tissues orthogonal to the apical-basal axis (Carvajal-Gonzalez & Mlodzik 2014) .
These studies have been mainly carried out with Drosophila eye and wing systems.
Human FAT4 also involves in tumor suppression and PCP. In fact, mutations in the FAT4 gene have been found in several human cancers, including melanoma, pancreatic cancer and gastric cancer (Katoh 2012) . FAT4 suppresses tumor growth through activation of Hippo signaling pathway. In addition to these roles of FAT4 that are predictable from studies with its Drosophila homologue, the FAT4 has been identified as a causative gene for rare human genetic diseases as follows. The Van Maldergem syndrome (VMS) was first described in 1992 showing mental retardation, blepharo-naso-facial abnormalities and hand malformations (van Maldergem et al. 1992) . In later studies, skeletal dysplasia and anomalous neuronal migration are added as common features of this syndrome (Mansour et al. 2012) . More recently, biallelic mutations in the FAT4 gene have been found in four unrelated families with VMS. However, the Hennekam lymphangiectasia-lymphedema syndrome (HS) was first described in 1989 showing combined symptoms of congenital lymphedema, intestinal lymphangiectasia, facial anomalies and mental retardation (Hennekam et al. 1989) . The whole-exome sequencing analyses have revealed a homozygous mutation in the FAT4 gene in the patients with HS (Alders et al. 2014) . Both HS and VMS show overlapping phenotype including mental retardation and can be allelic to each other.
Knockdown of FAT4 in mouse embryonic neuroepithelium by intraventricular electroporation of shRNA increased progenitor cell numbers and reduced their differentiation into neurons that consequently result in the heterotopic accumulation of cells below the neuronal layers in the neocortex (Cappello et al. 2013) . The phenotype is similar to those of human HS and VMS patients. Interestingly, these effects were countered by simultaneous knockdown of Yes-associated protein 1 (Yap1), a mammalian homologue of Drosophila Yorkie. These studies suggest that the Drosophila fat also plays a role in neuronal cells in addition to those in tumor suppression and PCP that have been studied with the eye and wing systems. To clarify a role of fat in neuron, we specifically knocked down the fat gene in Drosophila pan neuron and examined the phenotype. The results revealed that neuron-specific knockdown of the fat gene caused reduced life span and climbing ability in adulthood, shortened length of synaptic branches of motor neurons at neuromuscular junction (NMJ) and aberrations in axonal targeting of photoreceptor neurons in third-instar larvae.
Results
Neuron-specific fat knockdown causes short life span and mobility defects in adults
To examine the effect of neuron-specific fat knockdown, we first investigated the fly viability. Using an elav-GAL4 driver that expresses GAL4 in the nervous system of the fly, fat dsRNA can be expressed in the whole nervous system. We examined viability of flies carrying w; UAS-fat-IR 1760-1885 /+; elav-GAL4/+, w; UAS-fat-IR 3924-3931 /+; elav-GAL4/+ and the control w; UAS-GFP-IR/+; elav-GAL4/+. We found that there is no difference in hatching rate and eclosion rate among these strains (data not shown).
We next examined the life span of adult flies carrying w; UAS-fat-IR 1760-1885 /+; elav-GAL4/+, w; UASfat-IR 3924-3931 /+; elav-GAL4/+ and the control w; UAS-GFP-IR/+; elav-GAL4/+ (Fig. 1A) . We monitored adult flies until 81 days after eclosion. The median life span of the control flies (n = 110) was 54 days, whereas flies carrying w; UAS-fat-IR 1760-1885 /+; elav-GAL4/+ (n = 103) or w; UAS-fat-IR 3924-3931 /+; elav-GAL4/+ (n = 103) lived a median of 42 and 48 days, respectively. The differences between control flies and two independent knockdown flies were 12 and 6 days, respectively. These differences were statistically significant (P < 0.001). Thus, life spans of neuronspecific fat-knockdown flies were significantly shorter than those of the control flies. In addition, as shorter life span was observed with two independent knockdown flies targeted to the different region of the fat mRNA, the effects of neuron-specific fat knockdown is not due to a possible insertional mutation or off-target effect.
To further examine the functional effects of neuron-specific fat knockdown, we next carried out climbing assays of the fat-knockdown adult flies (Fig. 1B) . The flies carrying w; UAS-fat-IR 1760-1885 /+; elav-GAL4/+ showed the reduced mobility on day 3 (30.6%), day 7 (36.1%), day 14 (52.6%), day 21 (78.0%) and day 28 (94.7%) when compared to the control flies carrying w; UAS-GFP-IR/+; elav-GAL4/+. To eliminate the possible off-target effects, we also examined flies carrying w; UAS-fat-IR 3924-3931 /+; elav-GAL4/+ for climbing assays. These flies showed reduced mobility both on day 7 (7.3%), day 14 (34.0%), day 21 (47.1%) and day 28 (82.1%). All of these reductions in locomotion were statistically significant (P < 0.05). These results indicate that fat is required for locomotion.
Fat regulates the formation of motor neurons presynaptic terminals at NMJ
The observations that fat-knockdown flies show mobility defects in the climbing assays suggest some possible defect in motor neuron. We therefore decided to examine the morphology of motor neuron presynaptic terminals at NMJs in the fat-knockdown flies. As most motor neurons of the adult fly originate from larval motor neurons, we compared the structure at NMJ in muscle 4 of the larvae of w; UAS-fat-IR 1760-1885 /+; elav-GAL4/+ and w; UAS-fat-IR 3924-3931 /+; elav-GAL4/+ flies with that of larvae of control flies carrying w; UAS-GFP-IR/+; elav-GAL4/+ ( Fig. 2A-C) . Analysis of the length of the longest synaptic branch of motor neurons in these flies indicated that it was significantly decreased in w; UAS-fat-IR 1760-1885 /+; elav-GAL4/+ (69.3 AE 5.4 lm, P < 0.01) and w; UAS-fat-IR 3924-3931 / +; elav-GAL4/+ (71.6 AE 5.4 lm, P < 0.05) flies compared to that of the w; UAS-GFP-IR/+; elav-GAL4/+ (111.6 AE 11.3 lm) flies (Fig. 2D) . These results suggest that Fat regulates the formation and/or maintenance of motor neurons at presynaptic terminals in the NMJ.
Knockdown of fat induces axonal targeting aberrations of photoreceptor neuron
Previous studies with Drosophila compound eye revealed that fat mutants display polarity inversions in adult ommatidia (Sing et al. 2014) . Based on the phenotype of human VMS and HS patients (Hennekam et al. 1989; Mansour et al. 2012) , we considered the possibility that there might be some defect in axon targeting of photoreceptor neuron from fat-knockdown flies. In Drosophila eye, the axonal projections from photoreceptor neurons project into the centers of the brain to generate visual connections. The differentiating photoreceptor cell neurons of the developing fly eye form an axonal bundle targeting the different layers in the brains. Each ommatidium of the Drosophila eye consists of eight photoreceptors (R1-R8) where R1-R6 project to lamina and R7-R8 extend into medulla of the brain. The chaoptin is widely used to monitor retinal axons and their projections to the brain (Kyotani et al. 2016) . In the control fly, Genes to Cells (2017) 22, 662-669 photoreceptor cell neurons innervate both medulla and lamina in the brain, forming a characteristic 'inverted cap'-like structure (Fig. 3A-C) . In the fatknockdown flies carrying w; UAS-fat-IR 1760-1885 /+; elav-GAL4/+ (Fig. 3D-F ) and w; UAS-fat-IR 3924-3931 / +; elav-GAL4/+ (Fig. 3G-I ), R1-R6 photoreceptor cell neurons project to lamina normally, while aberrations in projection of R7-R8 into medulla were observed in 83% and 59% of eye disks, respectively. Three representative images of eye disks for each strain are shown (Fig. 3) . These results suggest that Fat is involved in axonal targeting.
Discussion
Here, we revealed that neuron-specific knockdown of fat shortened the life span and induced the defect in locomotive abilities of adult flies together with defects in presynaptic terminals of motor neurons and axonal targeting aberrations of photoreceptor neuron in thirdinstar larvae. These results suggest that Fat is required for locomotive abilities that are likely associated with proper formation of presynaptic terminal structure of motor neurons at NMJs and axonal targeting in Drosophila.
To eliminate the possible off-target effects of RNAi, we used two independent fat inverted repeat Compared to the length of the longest synaptic branches of motoneurons in the control elav-GAL4>UAS-GFP-IR (w; UAS-GFP-IR/+; elav-GAL4/+) larvae, those in elav-GAL4>UAS-fat-IR 1760-1885 (w; UAS-fat-IR 1760-1885 /+; elav-GAL4/+) larvae (**P < 0.01, n = 10) and elav-GAL4>UAS-fat-IR 3924-3931 (w; UASfat-IR 3924-3931 /+; elav-GAL4/+) (*P < 0.05, n = 10) are significantly decreased. The arrows indicate the proximal ends, and the arrowheads indicate the distal ends of the longest synaptic branches of motor neurons.
constructs (UAS-fat-IR 1760-1885 and UAS-fat-IR 3924-3931 ) targeting to the sequences that did not overlap with each other. When these transgenic flies were crossed with the elav-GAL4 line, each independent fly strain showed essentially the same phenotype. These results indicate that the phenotypes observed Genes to Cells (2017) 22, 662-669 with the neuron-specific fat-knockdown flies are not due to an off-target effect.
According to previous studies, it is indicated that FAT4, the human counterpart of Drosophila fat, is involved in VMS and HS (Alders et al. 2014) . As both HS and VMS show overlapping phenotype including short life span and mental retardation, there is a possibility that the axonal impairment can in fact induce defects in motor neuron morphology at NMJ. In the present study, we revealed that neuron-specific knockdown of fat induces a short life span, a defect in fly locomotive abilities, degeneration of motoneurons at NMJs and axonal targeting aberrancy of photoreceptor neurons. These phenotypes show degeneration of neuron morphology and suggest that fat-knockdown flies are possible to be a novel model of HS and VMS. Considering the successful use of Drosophila model to identify genetic interactants with the causing genes for various neurodegenerative diseases Shimamura et al. 2014) , extensive genetic screen with the neuron-specific fatknockdown flies will allow us to identify genes and signaling pathways that are related to fat function in neuron. These genes and pathways could be promising targets for therapy of VMS and HS. Therefore, the neuron-specific fat-knockdown flies made in this study could be a useful model to search novel therapeutic target of both of these syndromes and candidate substances for therapy.
It is also known that Drosophila fat functions in mitochondria by directly regulating integrity of mitochondrial electron transport chain (ETC.) and promote oxidative phosphorylation (OXPHOS) (Sing et al. 2014) . In fact, Fat is cleaved to generate a 68-kDa polypeptide that is imported into mitochondria. In mitochondria, the 68-kDa fragment binds Ndufv2 to promote assembly and/or stability of large protein complexes for the ETC. called CI and CV that results in enhancement of the activity of the ETC. and promote OXPHOS (Sing et al. 2014) .
Many genes associated with mitochondrial function are identified as causative genes of neurodegenerative diseases including Parkinson's disease, amyotrophic lateral sclerosis (ALS) , CharcotMarie-Tooth (CMT) disease. For instance, VAMP-associated protein B and C (VAPB), Alsin and valosin-containing protein (VCP) are identified as ALS-causing genes; mitofusin 2 (MFN2) (Manfredi & Kawamata 2016) , ganglioside-induced differentiationassociated protein 1 (GDAP1), dehydrogenase E1 and transketolase domain containing 1 (DHTKD1), mitochondrially encoded ATP synthase 6 (MT-ATP6), apoptosis-inducing factor, mitochondria associated 1 (AIFM1) and pyruvate dehydrogenase kinase 3 (PDK3) as CMT-causing genes; parkin RBR E3 ubiquitin protein ligase (PARK2), PTEN-induced putative kinase 1 (Pink1) and Parkinsonism-associated deglycase (DJ-1) as Parkinson's disease-causing gene (Hu & Wang 2016) . Based on these facts, we consider that VMS and HS could possibly be caused by mitochondria functional disorder due to the defect in FAT4 function. In addition, phenotype of CMT model fly with neuron-specific Drosophila FIG 4 knockdown is very similar to fat neuronal-specific knockdown model, showing short life span, defect in locomotive abilities of adult flies together with defects in presynaptic terminals of motor neurons and axonal targeting aberrations of photoreceptor neuron (Kyotani et al. 2016) . Similarly, ALS model fly with neuron-specific knockdown of human FUS homologue, Cabeza, also resembles fat-knockdown phenotype (Sasayama et al. 2012) . We can therefore predict that human FAT family genes may be identified as novel causing genes of ALS and/or CMT in future.
Experimental procedures

Fly stocks
Fly stocks were maintained at 25°C on standard food containing 0.65% agar, 10% glucose, 4% dry yeast, 5% cone flour and 3% rice powder. The flies carrying w; UAS-fat-IR 1760-1885 ; + (CG3352) were obtained from the Vienna Drosophila RNAi Center (VDRC). The fly lines carrying w; UAS-fat-IR 3924-3931 ; + (CG3352), w; P[GAL4-elav.L] 3 and w; P[UAS-GFPi] attP40 ; + (UAS-GFP-IR) were supplied from Bloomington Drosophila Stock Center at Indiana University. Difference in genetic background of RNAi strains was minimized by backcrossing six times to w strain.
Visualization of photoreceptor neuron
Larval eye imaginal disks with brains were dissected and fixed in 4% paraformaldehyde/PBS for 15 min at 25°C. After washing with PBS containing 0.3% Triton X-100, the samples were blocked with PBS containing 0.15% Triton X-100 and 10% normal goat serum for 30 min at 25°C, and incubated with mouse anti-chaoptin (1: 100 dilution, DSHB 24B10) in PBS containing 0.15% Triton X-100 and 10% normal goat serum for 16 h at 4°C. After extensive washing with PBS containing 0.3% Triton X-100, samples were incubated with anti-mouse IgG labeled with Alexa 488 (1 : 400 dilution, Invitrogen, Carlsbad, CA, USA) for 3 h at 25°C. After extensive washing with PBS containing 0.3% Triton X-100, samples were mounted in the Vectashield (Vector Laboratories, Burlingame, CA, USA) and analyzed by a confocal laser scanning microscopy (Olympus FLUOVIEW FV10i).
Life span assay
Viability assays with adult flies were carried out in an incubator controlled at 25°C and 60% humidity on a 12-h light and 12-h dark cycle on standard fly food. Flies carrying w; UAS-GFP-IR/+; elav-GAL4/+, w; UAS-fat-IR 1760-1885 /+; elav-GAL4/+ and w; UAS-fat-IR 3924-3931 /+; elav-GAL4/+ were placed at 28°C, and then, the newly eclosed adult male flies were separated and placed in vials at a density of 20 flies per vial. Every 3 days, they were transferred to new tubes containing fresh food and deaths were scored. Survival rate was determined by plotting a graph of the percentage of surviving flies versus days. These experiments were independently repeated six times.
Climbing assay
Climbing assays were carried out as described previously (Feiguin et al. 2009 ). Flies carrying w; UAS-GFP-IR/+; elav-GAL4/+, w; UAS-fat-IR 1760-1885 /+; elav-GAL4/+ and w; UAS-fat-IR 3924-3931 /+; elav-GAL4/+ were placed at 28°C, and newly eclosed adult male flies were separated and placed in vials at a density of 20 flies per vial. Flies were transferred, without anesthesia, to a conical tube, and then the tubes were tapped to collect the flies to the bottom, and were allowed to climb the wall for 30 s. The flies were collected at the bottom by tapping of the tube again, and were allowed to climb for 30 s. The similar procedures were repeated five times in total and they were videotaped. For all of the climbing experiments, the height to which each fly climbed was scored as follows (score (height climbed)); 0 (less than 2 cm), 1 (between 2 and 3.9 cm), 2 (between 4 and 5.9 cm), 3 (between 6 and 7.9 cm), 4 (between 8 and 9.9 cm) and 5 (greater than 10 cm). The climbing index of each fly strain was calculated as follows: the sum of the products of each score multiplied by the number of flies for which that score was recorded was calculated, and this number was then divided by five times the total number of flies examined. These climbing assays were carried out at day 3, day 7, day 14, day 21 and day 28 after eclosion.
Visualization of neuromuscular junction
For visualization of NMJ, third-instar larvae carrying w; UAS-GFP-IR/+; elav-GAL4/+, w; UAS-fat-IR 1760-1885 /+; elav-GAL4/+ and w; UAS-fat-IR 3924-3931 /+; elav-GAL4/+ were dissected in HL3 saline (Stewart et al. 1994) and fixed in 4% paraformaldehyde in PBS for 30 min at 25°C. After blocking with PBS containing 2% bovine serum albumin and 0.1% Triton X-100, the samples were incubated with goat anti-HRP conjugated with FITC (1 : 1000 dilution; MP Biochemicals, Santa Ana, CA, USA). After washing, the samples were mounted and inspected under a confocal laser scanning microscope (Olympus FLUOVIEW FV10i). MN4 (Ib) in muscle 4 in abdominal segment 2 was inspected. Nerve terminal branch lengths were measured using METAMORPH software (Molecular Devices, Sunnyvale, CA, USA).
Data analysis
For the statistical analysis of the nerve terminal branch lengths at NMJh, METAMORPH software (Molecular devices) was used. P-values were calculated using Welch's t-test, and the error bars represent standard errors from means. For the statistics of climbing assay, the SPSS software (IBM, Tokyo, Japan) was used. All data are shown as means AE SEM. Kaplan-Meier survival curves were plotted, and statistical analysis was carried out using the GRAPHPAD Prism version 6.02-Survival of Three groups-software (GRAPHPAD software, La Jolla, CA, USA). Log-rank statistical test was carried out to calculate significant differences.
